The crystallization of zeolite TUN with 1,4-bis(N-methylpyrrolidinium)butane as template proceeds via an intermediate, designated IPC-3P, following the Ostwald rule of successsive transformations. This apparently layered transient product has been thoroughly investigated and found to consist of MWW monolayers stacked without alignment in register, i.e. disordered compared with MCM-22P. The structure was confirmed based on X-ray diffraction and HRTEM analysis. Layered zeolite precursor IPC-3P can be swollen and pillared affording combined micro-and mesoporous material with enhanced BET surface area (685 m 2 /g) and greater accessibility of Brønsted acid sites for bulky molecules. The latter was probed with 2,6-di-tert-butylpyridine (DTBP). IPC-3P and its modification create a new layered zeolite sub-family belonging to the MWW family. FTIR data indicate that (Al)MWW materials: MCM-22 and IPC-3 with Si/Al >20 exhibit lower relative ratio of Brønsted to Lewis acid sites than MCM-22 with Si/Al around 13, namely less than 2 vs. >3, respectively. This is maintained even upon pillaring and warrants further exploration of materials like IPC-3P with higher Al content. The unique XRD features of IPC-3P indicating mis-aligned stacking of layers and distinct from MCM-22P, are also seen in other MWW materials like EMM-10P, HM-MCM-22 (hexamethonium templated MCM-22), ITQ-30 and UZM-8 suggesting need for more detailed study of their identity and properties.
Introduction
Zeolites represent an important group of inorganic crystalline microporous materials utilized in numerous large-scale chemical technologies as heterogeneous catalysts due to their adjustable acidity, high-temperature stability, and shape-selective properties. [1] [2] [3] [4] Catalytic applications of zeolites cover a broad range of reactions, from petroleum refining, petrochemistry, to biomass upgrade and fine chemical synthesis. [5] [6] [7] [8] [9] The size of zeolite channels,in practice below about 1 nm, limits accessibility of the active sites located in these channels for bulky reactants. One of the ways to overcome this disadvantage is to enlarge the accessible internal surface of zeolites. This can be achieved by either decreasing the crystal size, [10] [11] [12] the discovery of zeolites with larger pores [13, 14] or by the formation of thin zeolites layers. [10, 15, 16] It should be stressed that the first and last approaches may be accompanied with potentially detrimental effects such as reduced stability and loss of shape selectivity, especially in comparison to optimized parent zeolite application. Conventionally, zeolites have been thought of as uninterrupted 3D framework structures, but in past two decades they gradually revealed a new "dimension" as so-called two-dimensional (2D) zeolites. This is associated with ordered zeolite frameworks formed via lamellar precursors, [17] [18] [19] which have been usually discovered using novel structure direct agents, SDAs [10] . At least ten different structural types of zeolites have shown formation via 2D lamellar precursors either as the only pathway observed to date or in addition to the standard direct assembly/crystallization in 3D as complete framework. Thus, a steadily increasing number of frameworks is found to be formed via transformation/recrystallization of an intermediate with evident lamellar nature, for example MWW, [20] TUN, [21] FER.
This generates zeolite families derived from a particular zeolite layer. These new families based on modified layered zeolite precursors, especially the expanded ones, offer interesting opportunities for catalyzing reactions of bulky substrate molecules. [12] The postsynthesis expansion of zeolite precursors often requires high alkaline media, [23] typically in the pH range up to 13. Kresge and coworkers [24, 25] demonstrated a method to swell MCM-22P by treatment with a long chain cationic surfactant (hexadecyl trimethyl ammonium) in the hydroxide form or in the mixture of its halide salt with a base (tetrapropyl ammonium hydroxide, TPA-OH) under high pH and at elevated temperatures. The swollen material was subsequently pillared to produce MCM-36 [24] with micro-and mesopores and high activity in acid catalyzed reactions. The swellling and pillaring of MCM-22P represent procedures of considerable fundamental importance for preparation of new zeolite-based materials. MCM-36 showed a better catalytic performance compared with the parent zeolite. [24, 26] Tsapatsis et al. [27] described swelling of high silica MCM-22P using similar surfactant/TPA-OH mixture at room temperature, however, it was not equally effective for MCM-22P with higher Al content. [28] As a further fundamental step, Corma and co-workers [12, 29] used ultrasonication of the previous swollen material to produce delaminated zeolite (ITQ-2). ITQ-2 contains exfoliated single crystalline layers with the layer structure of MCM-22P and surface areas up to 900 m 2 /g. Recently, the delamination of layered zeolite precursor and synthesis of UCB-1 under milder conditions (pH 9) in aqueous solution was reported. [30] Most zeolite precursors are formed as multi-layer stacks of one or one-half unit cell thick mono-layers having appropriate zeolite structure. The layers are usually separated by organic template layers or domains, often with extensive hydrogen bonding throughout the crystal. [31] The transformation to ordered zeolite frameworks can occur upon removal of the template and bridging of the layers by topotactic condensation. [17] Alternatively, different lamellar, delaminated, pillared, stabilized and other forms can be obtained by post-synthesis treatments.
[19] The transformation of MCM-22P into a variety of materials of MWW family provides the best evidence [18, 29] about the possibly unlimited potential in this area. In addition, completely new way of preparation of twodimensional zeolites (from 3D to 2D) has been discovered with UTL zeolite. The 3D framework can be transformed into 2D lamellar structure, formally a layered zeolite precursor [32] by selective degradation. This gives many additional options how to prepare and further modify zeolite materials by the interplay between 2D and 3D structures. This contribution concerns the lamellar product formed initially during the synthesis of zeolite TUN (TNU-9) with 1,4-bis(Nmethylpyrrolidinium)butane and Na+ ions as structure-directing agents. [21] This lamellar transient product (vide infra) recrystallizes into TUN but its structure appears to be more like to MCM-22P. Specifically, the XRD pattern suggests the presence of stacked MWW layers but without lateral order (not in-register) and is therefore related to EMM-10P. [33] The formation of MWW type intermediate phase during synthesis of TUN was reported previously but with another template, N,N,N,N',N',N'-hexamethyl-pentanediammonium. [34] That product was also similar to EMM-10P but not explored in detail, especially with regard to its further modifications as layered zeolites for example swelling/pillaring. Such transformations of the disordered MWW precursors have not been reported before and undertaken in this study to compare with their ordered counterpart MCM-22P. Previously, only the latter was demonstrated to be swellable. The mis-aligned stacking in IPC-3P, EMM-10P and related MWW materials (vide supra) is often observed with di-quaternary ammonium templates and warrants closer study in particular for comparison with the ordered MCM-22P. The disordered MWW precursor EMM-10P was claimed to be swellable but no further evidence was presented. [33] The focus of the present publication is to verify identity of the apparent layered zeolite precursor forming during crystallization of TUN zeolite, to explore the potential for its swelling and pillaring, and to compare with the ordered counterpart MCM-22P. The following nomenclature has been adopted for individual materials described here: IPC-3P (P-precursor, IPC stands for Institute of Physical Chemistry) intermediate material obtained during the preparation of TUN at shorter synthesis times and possessing lamellar structure, IPC-3 -calcined form of ICP-3P, IPC-3SW -swollen material obtained from ICP-3P by surfactant intercalation, IPC-3PI -pillared material.
Results and Discussion
This publication has two goals mentioned in the introduction: (i) detailed structural identification of the layered zeolite intermediate, IPC-3P, forming during the synthesis of TUN zeolite and (ii) investigation of its swelling/pillaring potential. As for post-synthesis generation of expanded (i.e. swollen/pillared) derivatives it cannot be taken for granted based on apparent similarity to MCM-22P. For example, one might think it possible for the diquaternary template like the one employed here to crosslink or span layers hindering expansion by intercalation. The discussion of the results is presented according to characterization method.
Synthesis and X-ray powder diffraction:
The primary product, layered IPC-3P, was isolated as an intermediate during the synthesis of TUN zeolite with initial gel Si/Al ~30 after crystallization for 5 days at 160 °C. The Si/Al of IPC-3P was 26.6 determined by X-ray fluorescence while that of the final TUN product was 16.3. This behavior represents the Ostwald rule of successive transformations [35] and is consistent with increasing frameworks densities of MWW (15.9) and TUN (17.6). XRD patterns of the layered precursor (IPC-3P), its calcined (IPC-3) and swollen (IPC-3SW) forms are shown in Figure 1 . For comparison, XRD patterns of MCM-22P and swollen MCM-22SW are included. The XRD profiles of IPC-3P and its derivatives comprise mainly diffuse and ill-defined maxima that prevent direct structure identification by standard approaches, i.e. based on peak positions and unit cell. However, on the basis of position and relative intensities of several relatively sharp maxima IPC-3P is identified as containing MWW layers with expanded stacking repeat ~2.6 nm indicated by the peak at ca. 6.7° 2Θ (interlayer reflection (002)). [18, 33, 36] In detail, all products in Figure 1 show relatively sharp and well defined maxima at 7.1, 25.5 and 26° 2Θ, corresponding to the (100), (220) and (310) reflections of the MWW layers. The additional tell-tale feature is the broad band between 8-10° that proves disordered stacking of the MWW layers in IPC-3P like in EMM-10P and MCM-56. [33] Simultaneously this distinguishes the material from MCM-22P in which the MWW layers are aligned vertically i.e. the structure is ordered. The distinct trough in the calcined IPC-3 sample at ~9° is an indication that some of the layer stacking becomes ordered upon calcination. When the structure contracts upon calcination and silanols from opposite layers condense, some of the layers remain in lateral disorder while some apparently re-orient slightly and condense congruently, i.e. in alignment. Similar observations were confirmed for EMM-10P using electron diffraction. [33] After calcination, the diffraction lines at around 6.5° are absent because of the change in crystallographic repeat to ca. 2.5 nm causing its shift of the (002) reflection and merging with the prominent intra-layer (100) peak at around 7.1°. The differences between XRD patterns of the related ordered pair MCM-22P and MCM-22 could be explained by the formation of Si-O-Si linkages between the layers upon calcination [38, 39] and resultant periodic 3-D structure. The patterns of as-made (IPC-3P) and calcined (IPC-3) material indicate contraction in the layer stacking direction of around 0.1-0.2 nm but preservation of lateral disorder leaves uncertainty regarding the geometry of interlayer linking. These initial conclusions about the structure of IPC-3P are further validated by XRD characteristics and electron microscopic characterization. The BET values for IPC-3 and the swollen calcined material in Table 1 indicate high, possibly fully crystalline nature of these products. The XRD pattern of the IPC-3P swollen sample (IPC-3SW) shown in Figure 1 is consistent with high degree of swelling [18, 19, 25] .
In particular, the (002) reflection of IPC-3P at 6.7° disappears and a new interlayer peak is seen at low angle below 2°, which is typical for swollen materials and indicates an increase in layer spacing to approximately 5 nm. The specific position at 2Θ = 1.7° corresponds to d-spacing 5.2 nm. The reflection at around 2Θ = 5.4° can be a (003) reflection [27] and has been recognized [25] as necessary evidence of efficient swelling of MWW structure. Further evaluation of the swelling is based on the pillared derivative. XRD patterns of pillared IPC-3PI sample and that of MCM-36 prepared after swelling of the layered MCM-22P with CTMA-OH and pillared according to Refs. [25, 40] are shown in Figure 2 . The patterns are qualitatively similar in the range of 2-Θ 5-40°, and the observed diffraction lines are in agreement with those of MCM-36 reported in the Ref. [25] In the low angle region the inter-layer (001) peak is located below 2° 2Θ. The differences in position indicate slight variation in interlayer spacing while intensities reflect efficiency of swelling/pillaring.
SEM and HRTEM microscopy: SEM images of the prepared layered IPC-3P precursor ( Figure 3A) shows aggregates of thin plate-like crystals. The diameter of IPC-3P crystals is about 1 µm with thickness of ∼0.1 µm, i.e. corresponding to stacking of approximately four MWW mono-layers. These results are similar to those reported by Tsapatsis et al. [27] and Chlubná and coworkers [40] .
A B C Figure 3. SEM images of prepared IPC-3P (A), IPC-3SW (B) and IPC-3PI (C).
Swelling with CTMA-OH at room temperature ( Figure 3B ) and subsequent pillaring treatment at 85 °C ( Figure 3C ) did not result in any significant changes in crystal morphology. The particles appeared in SEM as large aggregates of thin rounded flakes roughly of 1 µm in diameter. High resolution transmission electron microscopy (HRTEM) studies were performed to investigate the microstructures of the zeolite plates and to verify that IPC-3P was successfully transformed into very thin zeolite layers after the swelling with CTMA/surfactant molecules followed by pillaring treatment with TEOS ( Figure 4 ). Similar to many other zeolites, the microplates were easily damaged and therefore decomposed within a few seconds under the electron beam before HRTEM images could be attained. Previously, HRTEM images of beam sensitive materials such as zeolites, MOFs and C 60 /trimethylbenzene composites have been achieved by carrying out several sample treat-ments including dehydrating, electron beam annealing and applying a low-dose electron beam. [41, 42, 43] Using the latter technique it was possible to see crystalline fringes along the short axis of the IPC-3P plates with d-spacings of 1.26 nm (marked A in Figure 4A ). This corresponds to approximately half the unit cell parameter of MWW. It is also possible to measure crystalline fringes with lower d spacings of 0.40 nm (marked B in Figure 4A ).
Low magnification TEM imaging (inset of Figure 4a) found the microplates had thicknesses in the range of 10-15 nm. HRTEM imaging of a IPC-3-P plate (Figure 4b) shows an almost intact single crystalline layer with measurable fringes (marked A and B in Figure  4b) , with an angle between the planes of 60 o . These data are consistent with a hexagonal plate structure with a crystallographic a axis of 1.37 nm. This indicates that the layers themselves are hexagonal in symmetry, with parameters slightly smaller than those seen in the zeolite-MWW structure (a = 1.42081 nm), consistent with the layers being MWW-like, within experimental error. The TEM results are therefore consistent with the XRD experiments, and that the IPC-3P layers are likely to be closely related to the MWW precursor. SEM imaging found no significant difference to the morphology of the microplates after swelling and subsequent pillaring treatment. HRTEM images revealed that the layered component is maintained. Crystalline fringes perpendicular to the short axis of the IPC-3PI plates measured 1.20 nm. (Figure 4c A) . Some IPC-3PI plates were noted to be as thin as one unit cell (marked by black arrow in Figure 4c ), and separated from each other. The observed layer separations indicate an expansion of the material, and are consistent with the existence of props (pillars) between the layers. In some regions plates had thicknesses of up to ~10 nm (4 unit cells) suggesting absence of pillars and so less than complete swelling/pillaring. The HRTEM image in Figure 4d recorded from viewing the IPC-3PI plates indicates that the layers retain their crystalline nature, but some defects have been detected. Examination of several HRTEM images show that for a more accurate indexing the hexagonal unit cell parameter is reduced slightly (a = 1.23 nm) compared to the IPC-3P. The HRTEM images in Figure 4d agree well with the microplate structures viewed by SEM in Figures 3a and 3c and the interlayer spacing calculated from the broad peak observed at 1.84° in the XRD pattern of IPC-3PI (Figure 2 ).
Nitrogen adsorption: Nitrogen adsorption isotherms provide valuable information about the completeness of swelling and pillaring because X-ray diffraction allows only qualitative evaluation due to mostly broad and diffuse diffraction maxima. BET surface area was evaluated using adsorption data in the range of a relative pressure from p/p 0 = 0.05 to p/p 0 = 0.20. The t-plot method [44] was applied to determine the volume of micropores (V mic ). The volume of larger mesopores (V meso1 ) with broad distribution from 5 to 20 nm was calculated from the desorption branch of the isotherm using BJH method. [45] DFT algorithm (using standard Micromeritics software for slit-shape pores) revealed the presence of smaller mesopores (V meso2 , < 5 nm in diameter) for the pillared samples. The amount of adsorbed sorbate at p/p 0 = 0.97 was used to represent the total adsorption capacity (V tot ). The values of determined textural properties, including those for MWW and MCM-36 for comparison are summarized in Table 1 . Nitrogen adsorption isotherms for TUN zeolite (Figure 5a ), the calcined intermediate IPC-3 and swollen calcined IPC-3SW are typical for microporous materials of the type I according to the IUPAC classification. [46] Their BET surface area values and the micropore volumes agree well with the literature data. [21] For IPC-3 ( Figure 5b ) and IPC-3SW (swollen product, calcined - Figure 5c ) the hysteresis loop observed at higher relative pressures can be attributed to the interparticle adsorption. Calcination of swollen IPC-3SW represents a highly desirable control test for the veracity of swelling of zeolite precursors since removal of the intercalated surfactant is expected to result in return to the original layered structure (in calcined form). If the swelling procedure carried out at high pH generated undesired mesoporous contaminants, they may be detectable in the calcined swollen materials. The corresponding values found in Table 1 indicate slight decrease compared with starting IPC-3P but are not considered significant and suggest the absence of mesoporous impurities. The pillared sample IPC-3PI exhibits enhanced BET surface area and mesopore volumes (Figure 5f ). The volume adsorbed up to p/p 0 ~0.45 is almost doubled compared with the original zeolite IPC-3 and the uptake profile indicates that mesopore structure is created by pillaring. The pillared material also exhibits reduced micropore volume, 0.069 cm 3 /g, which is expected in such cases, (Table 1) . Overall the changes in the micro-and mesopore characteristics reflect the expected structural changes caused by formation of pillars that make permanent separation between the individual layers of the order of 2 nm.
Nitrogen adsorption isotherms for MWW (Figure 5d ) and MCM-36 ( Figure 5e ) with their respective textural characteristics shown in Table 1 are comparable with those in Ref. , [40] they are slightly lower than for MCM-36 (800-950 m 2 /g) reported in the work of Tsapatsis et al. [27] and Corma et al. [47] 0 The sharp absorption band with the maximum intensity around 3745 cm -1 belongs to terminal silanol groups exposed at the external surface; the second broader band with a maximum at 3621 cm -1 is due to bridging acid Si-OH-Al groups. [48] A very weak absorption band around 3670 cm -1 being characteristic for OH groups located on extra-framework alumina was found in IPC-3. Such a band is usually present in high silica zeolites or ultra-stabilized zeolites and is characteristic of Al-OH vibrations. [49] All samples show abundant silanol content visibly increasing in the order TUN > IPC-3 > MWW > IPC-3PI. The smaller value for IPC-3 compared to MWW may reflect larger crystals size. Pillared materials show the highest content of silanols as expected from increased exposure of zeolite surfaces and simultaneously due to silica present as the pillars. Upon adsorption of pyridine all bands due to hydroxyls disappear indicating the accessibility of all Brønsted acid sites in all studied samples for pyridine. The intensity of the band from OH groups located on extra-framework alumina species (IPC-3, 3670 cm -1 ) decreased slightly after pyridine adsorption at 150 °C.
In the region of pyridine vibrations ( Figure 6B ), new bands of pyridine interacting with Brønsted and Lewis acid sites appeared after pyridine adsorption. The absorption band at 1454 cm -1 is characteristic for pyridine interacting with Lewis acid sites, while the band at 1545 cm -1 reflects adsorption of pyridine on Brønsted acid sites. [50] The intense absorption band around 1490 cm -1 is due to vibrations of pyridinium ions and coordinatively adsorbed pyridine. [51] The determined concentrations of Brønsted and Lewis acids sites are given in The concentration of acid sites located on the individual layers of IPC-3 was evaluated using 2,6-di-tert-butyl-pyridine (DTBP) as a large-size probe molecule that cannot access micropores. In comparison with the adsorption of pyridine, no substantial differences in the shape and intensity of absorption bands of hydroxyl vibrations were observed for IPC-3 and IPC-3-PI sample after activation at 450 °C. After the adsorption of DTBP, the intensity of silanol groups slightly decreased (14 % for IPC-3 and 8 % for IPC-3PI, Figure 7A ). In the region of DTBP vibrations, the absorption band at 1535 cm −1 is typical for DTBP interacting with Brønsted acid sites. The absence of a band at 1545 cm −1 confirms no dealkylation of the probe molecule ( Figure 7B ). The concentration of Brønsted acid sites accessible to DTPB on IPC-3 was 0.021 mmol/g, this value represents 8 % of the total amount of this type of acid sites. The increased uptake of DTBP by 3 times upon swelling and pillaring (0.021 vs. 0.066 mmol/g for IPC-3PI) indicates enhanced accessibility of acid sites for bulky probe molecules. This accompanies the increase in the BET area from 451 to 683 m 2 /g for IPC-3 and pillared IPC-3 materials and provides promising catalyst for consideration (Table 1) . After the pillaring treatment, 2/3 of the total amount of Brønsted acid sites is located on the external surface. In contrast no detectable acid sites were located on the external surface of TUN zeolite. For MWW, the calculated concentration of acid sites exposed to the outer surface was 0.04 mmol/g; [40] the value higher than of IPC-3, but presenting only 5 % of the total amount of Brønsted acid sites.
The IPC-3 zeolite family and other disordered MWW layered precursors: The present work confirmed that IPC-1P is a layered precursor related to MWW framework. In contrast to the similar but ordered MCM-22P the layers in IPC-3P are not vertically aligned according to XRD evidence. Similar to MCM-22P, the present IPC-3P is shown to be swellable and further produce the pillared zeolite similar if not identical to MCM-36. By analogy to MWW we can refer to IPC-3P and its derivatives as a zeolite family or rather subfamily of MWW zeolites.
There are in fact several other materials related to IPC-3P i.e. multi-layer crystals of MWW monolayers misaligned laterally. They are often referred to in the literature as being MWW or related but the distinction from the ordered MCM-22P is not explicitly invoked as it was made for EMM-10P. [33] These materials may include, in addition to the latter HM-MWW (hexamethonium templated MCM-22), ITQ-30 and UZM-8. [52] [53] [54] This conclusion is tentative and based mainly on the features found in the XRD that are similar to EMM-10P, especially between 6 and 10° 2-Θ. Potential differences and their possible significance may be resolved in the future.
Conclusion
The identification of the layered intermediate obtained during the synthesis of TUN zeolite, IPC-3P, as a material similar to MCM-22P has been presented. However, there is a significant difference in the ordering of layers relative to each other in IPC-3P when compared to MCM-22P. This difference in overall structure could be of significant relevance in determining the overall pathway of the zeolite synthesis, and in determining the final zeolite product. We have also shown that IPC-3P is susceptible to swelling using CTMA-OH. The swollen material was converted into pillared product (IPC-3PI) based on standard treatment with TEOS. X-ray diffraction, nitrogen sorption and FTIR spectroscopy were used for detailed characterization. The prepared pillared sample exhibits increase in textural parameters compared to the parent zeolite (BET 475 vs. 682 m 2 /g) suggesting highly efficient swelling and further pillaring. This is consistent with features in the XRD pattern, where new interlayer peak is seen at low angle below 2°, being typical for swollen/pillared materials and indicates an increase in the layer spacing to approximately 5 nm. IR spectroscopy revealed the decrease in the concentration of Brønsted (from 0.26 to 0.13 mmol/g) and Lewis (from 0.21 to 0.14 mmol/g) acid sites when compared with the starting calcined IPC-3 material due to the introduction of inert silica pillars. Although the properties of swollen and pillared form of IPC-3P materials are little bit different than those for MCM-36 analogue, the structural properties are similar as for the MCM-22P based on the detailed characterization by HRTEM. HRTEM images revealed that the layered component is maintained and agree well with the microplate structures viewed by SEM.
Experimental Section
Synthesis of IPC-3P: The synthesis of IPC-3P was based on the procedure described in the Ref. [21] The organic SDA cation 1,4-bis(N-methylpyrrolidinium)butane (1, was prepared, purified and characterized according to the literature. [37] The final molar gel composition was: 4.5(1,4-MPB):11Na2O:0.5Al2O3:30SiO2:1200H2O. The mixture was stirred at room temperature for 1 day. The synthesis was performed in 500-mL Teflon-lined stainless steel autoclave heated at 160 °C under agitation and autogenous pressure for 5 days. The solid product was filtered off, washed out with excess of distilled water and dried in the oven at 80 °C overnight. This sample is denoted IPC-3P. Swelling: Swelling was performed in 100-mL flask in which 3 g of dried IPC-3P was mixed with 60 mL of cetyl trimethyl ammonium hydroxide (CTMA-OH, obtained by ion exchange with AG1-X8 resin, BioRad) and the solution was stirred for 24 h at room temperature. After swelling, the mixture was centrifuged for 15 min followed by threefold washing with distilled water and centrifugation for another 15 min. Finally, the solids were dried overnight in the oven at 60 °C. The obtained dried sample was denoted IPC-3SW. Pillaring: The swollen material was treated with tetraethyl orthosilicate (TEOS, 98 %, Aldrich) for 18 h at 85 °C under reflux using 30 mL of TEOS per 1 g of the swollen sample. The solids were separated by centrifugation and dried in air at 40 °C overnight. To ensure complete hydrolysis of TEOS, the powder was treated with water (200 mL/1 g of the sample) and stirred for 1 day. The product was centrifuged again, washed with water and dried at 60 °C. The obtained material were marked IPC-3PI. Calcination, ion-exchange: Both parent and treated samples were calcined in a stream of air at 540 °C for 8 h with a heating rate 1 °C/min. Calcined samples were then treated four-times with 1 M NH4NO3 solution (99%, Lach-Ner) for 4 h at room temperature using 100 mL of solution per 1 g of sample. Characterization: The structure and crystallinity of all samples was examined by X-ray powder diffraction (XRD) using a Bruker AXS D8 Advance diffractometer equipped with a graphite monochromator and a position sensitive detector Våntec-1 using CuKα radiation in Bragg-Brentano geometry. The size and shape of zeolite crystals were examined by scanning electron microscopy (SEM) on a JEOL, JSM-5500LV microscope. For the measurement, crystals were coated with a thin platinum layer by sputtering in vacuum chamber of a BAL-TEC SCD-050. The microstructures were investigated using high resolution transmission electron microscopy (HRTEM) on a Jeol JEM-2011 electron microscope operating at an accelerating voltage of 200 kV. The Jeol JEM-2011 electron microscope is equipped with an Oxford Link ISIS SemiSTEM EDX system, which was used for confirming chemical compositions of the samples. The HRTEM images were recorded using a Gatan 794 CCD camera. The camera length, sample position and magnification were calibrated using standard gold film methods. Concentration of Lewis (L) and Brønsted (B) acid sites was determined from adsorption of pyridine (PYR) followed by FTIR spectroscopy (Nicolet Protégé 460 Magna). The individual samples were pressed into self-supporting wafers with a density of 8.0-12 mg/cm 2 and activated at 450 °C overnight. Before adsorption, pyridine was outgassed by freezing and thawing cycles. Pyridine adsorption was carried out at 150 °C for 20 min at partial pressure 500-600 Pa, followed by desorption for 15 min. All spectra were recorded with a resolution of 2 cm -1 by collecting 128 scans for a single spectrum. Spectra were recalculated to a wafer density of 10 mg/cm 2 
. Concentrations of Lewis and
Brønsted acid sites were determined from the integral intensities of bands at 1454 cm −1
(Lewis) and at 1545 cm −1 (Brønsted acid sites) using extinction coefficients, ε(L) = 2.22 cm/µmol, and ε(B) = 1.67 cm/µmol. [50] The adsorption of 2,6-di-tert-butylpyridine (DTBP) was carried out at 150 °C, and at equilibrium probe vapour pressure with the samples for 15 min. Desorption took place at the same temperature for 1 h followed by recording of spectra at room temperature. For the quantitative evaluation of the concentration of Lewis and Brønsted acid sites, extinction coefficients for pyridine [50] were used.
Nitrogen sorption isotherms were collected at liquid nitrogen temperature (-196 °C) on a Micromeritics ASAP 2020 volumetric instrument to determine surface area and pore volume of prepared IPC-3 materials. To attain sufficient accuracy in the accumulation of the adsorption data, the ASAP 2020 was equipped with pressure transducers covering the 133 Pa, 1.33 kPa and 133 kPa ranges. Prior to the sorption measurements, all samples were outgassed under turbomolecular pump vacuum at 250 °C for at least 24 h. The chemical composition of zeolites was determined by X-ray fluorescence analysis with a spectrometer Philips PW 1404 using an analytical program UniQuant. The samples were mixed with dentacryl as a binder and pressed on the surface of cellulose pellets. 
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